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Numerous multiple malformation syndromes associated with pathologic overgrowth

have been described and, for many, their molecular bases elucidated. This review
describes the characteristic features of these overgrowth syndromes, as well as the
current understanding of their molecular bases, intellectual outcomes, and cancer
predispositions. We review syndromes such as Sotos, Malan, Marshall-Smith, Weaver,
Simpson-Golabi-Behmel, Perlman, Bannayan-Riley-Ruvalcaba, PI3K-related, Proteus,
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Introduction

About 5% of all newborns have a birth weight greater than
4,000 g, known as macrosomia.’ Although maternal diabetes
or neonatal hyperinsulinism may contribute to neonatal
macrosomia, excessive birth weight frequently represents a
normal variation influenced by family history, excessive
maternal weight gain during pregnancy, maternal multipa-
rous state, male fetal sex, higher maternal socioeconomic
status,” familial tall stature, and familial rapid maturation." In
contrast, pathologic overgrowth may be of prenatal or post-
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natal onset. It may result from an increased number of cells
(intrinsic cellular hyperplasia), hypertrophy of the normal
number of fetal cells, an increase in interstitial spaces, or a
combination of all these.

Numerous multiple malformation syndromes associated
with growth excess have been described. These pathologic
syndromes share several characteristics: the overgrowth is
present at birth and persists into postnatal life, affects both
weight and length, and is associated with multiple character-
istic anomalies, sometimes with mental deficiency, and often
with a neoplastic predisposition.?3 This review describes the
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characteristic features of the most common overgrowth
syndromes, as well as the current understanding of their
molecular bases, intellectual outcomes, and cancer predis-
positions. In this review, overgrowth syndromes are grouped
by their underlying genetic mechanisms as constitutional
syndromes, somatic syndromes, and syndromes for which
there is no identified genetic etiology.

Sotos-Like Syndromes

Sotos syndrome has an estimated incidence of 1:14,000 live
births.* This syndrome is characterized by increased birth
weight and length, with excessive growth during the first
4 years and an advanced bone age. Disproportionately long
limbs cause much of the increased length.2 Children with
Sotos syndrome have distinctive facial features with macro-
dolichocephaly, marked frontal bossing, and a frontoparietal
receding hairline. Bitemporal narrowing gives the appearance
of hypertelorism, and the palpebral fissures are typically
down slanting. The face is long and thin with a prominent
long and narrow inferior mandible.

Just over 10% of patients with Sotos syndrome have
congenital heart defects, usually a patent ductus arteriosus
(PDA) or atrial septal defect.® Renal abnormalities and scolio-
sis have also been frequently reported.” Sotos syndrome is
associated with dilatation of the cerebral ventricles and other
brain formation abnormalities, including an absent corpus
callosum, prominent cortical sulci, trigone, occipital horns,
cavum septum pellucidum, and cavum velum interpositi.®’
Approximately 50% of individuals with Sotos syndrome ex-
perience seizures.’

Mutations of the gene encoding nuclear receptor-binding
SET domain-containing protein 1 (NSD1) are found in ap-
proximately 90% of patients.” Sotos syndrome results from
constitutional intragenic loss-of-function mutations,® pri-
marily truncating mutations,? and, in the Japanese popula-
tion, whole gene deletions'® of NSD1, which lead to germline
haploinsufficiency. NSD1 is a SET domain-containing histone
methyltransferase that preferentially methylates lysine resi-
due 36 of histone 3 (H3K36), which is primarily associated
with active transcription.”

Children with Sotos syndrome can display neonatal hypo-
tonia with early feeding difficulties, as well as delays in motor
development and expressive language, often not walking
until after 15 months or talking until after 2.5 years. Children
may show nonprogressive neurologic dysfunction with clum-
siness and poor coordination."” Most individuals (97%) car-
rying an NSD1 mutation have intellectual disabilities, ranging
from mild (~30%) to moderate (~45%) or severe (~20%).?

Somatic mutations of the protooncogene NSD1 have been
identified in multiple tumor types. These mutations include a
recurrent cryptic t(5;11)(q35.3;p15.5) translocation in ap-
proximately 5% of childhood acute myeloid leukemia cases,'?
somatic epigenetic silencing of NSD1 through promoter hy-
permethylation in neuroblastoma and glioma,'* and somatic
NSD1 mutations in carcinoma of the upper airway and
digestive tract.> As NSD1 presumably functions as a tumor
suppressor gene, individuals with Sotos syndrome are

Overgrowth Syndromes Edmondson, Kalish

expected to be at an increased risk for a “second hit” resulting
in increased risk of tumor formation.” Despite this theoretical
risk, only approximately 3% of individuals with Sotos syn-
drome develop tumors, which include neuroblastoma, sac-
rococcygeal teratoma, presacral ganglioneuroma, acute
lymphocytic leukemia, and small-cell lung cancer.’ As the
tumor risk is small, and there are currently no effective
screening modalities for the tumor types observed in Sotos
syndrome, cancer screening is not recommended.’

The most recently described overgrowth syndrome, Malan
syndrome, has similar physical characteristics to Sotos syn-
drome but has a different underlying genetic basis. Research-
ers searching for molecular causes of unexplained syndromic
overgrowth screened 18 overgrowth patients with noncon-
sanguinity, developmental delay, height above the 95th per-
centile, and/or macrocephaly and patients with at least two of
the following: advanced bone age, dysmorphic craniofacial
features, and congenital malformations with array compara-
tive genomic hybridization. Through this analysis, they iden-
tified nuclear factor I/X (NFIX) as a candidate gene.
Subsequent screening of NFIX in 76 individuals with unex-
plained syndromic overgrowth identified 3 individuals who
initially had been diagnosed with a Sotos-like phenotype.14
Identification of additional cases allowed further characteri-
zation of the phenotype, which includes neonatal hypotonia
and feeding difficulties, postnatal overgrowth, macrocephaly,
advanced bone age, dysmorphic features (long narrow face
with a high forehead), pectus excavatum, scoliosis, ocular
findings (strabismus, nystagmus, optic disc pallor/hypopla-
sia), and developmental delay."”

Malan syndrome appears to arise from mutations leading
to haploinsufficiency of NFIX.'* NFIX is a transcription factor
in the nuclear factor one (NFI) family, which is important in
replication, signal transduction, and transcriptional process-
es, but the exact genes regulated by NFIX have yet to be
elucidated. Moderate developmental delay, including autism
(~25% of cases), has been demonstrated in all reported cases
of Malan syndrome.'> Approximately 25% of patients with
Malan syndrome have seizures,'® but there have been no
reports of cancer with this syndrome.'

Marshall-Smith syndrome is allelic to Malan syndrome. Its
incidence is unknown due to its rarity. Characteristics include
accelerated osseous maturation, dysmorphic features (prom-
inent forehead, bushy eyebrows, bulging eyes), and large
hands and feet. Individuals with Marshall-Smith syndrome
frequently have failure to thrive, chronic respiratory distress,
and short lifespan.'® Dominant-negative mutations in NFIX
underlie the syndrome.'*'” Individuals with this syndrome
have moderate to severe mental deficiency and major devel-
opmental delays,' with many dying as infants. Although the
rarity of the disorder precludes identification of an increased
cancer risk, one case of Wilms tumor coexisting with Mar-
shall-Smith syndrome has been reported.'

Weaver Syndrome

Owing to the many similar features between the two, Weaver
syndrome is often included in the differential diagnosis of
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Sotos syndrome. Weaver syndrome is characterized by pre-
natal-onset overgrowth with accelerated osseous maturation,
widened distal long bones, camptodactyly, and a distinctive
craniofacial appearance. Individuals with Weaver syndrome
have macrocephaly; a broad forehead; a flattened occiput
with large ears that may be mildly dysplastic and low set; true
hypertelorism; a long prominent philtrum; relative micro-
gnathia; soft, loose skin with redundant nuchal skin folds;
umbilical hernia; and thin, deep-set nails.” Skeletal growth is
more accelerated than osseous maturation, resulting in ex-
cessive adult height.? Individuals may have congenital heart
defects, such as ventricular septal defect and PDA.'® Brain
anomalies include cysts of the septum pellucidum, cerebral
atrophy, and pachygyria.2 There is a broad phenotypic spec-
trum for Weaver syndrome, making true incidence estimates
difficult.’

Constitutional mutations of enhancer of zeste, drosophila,
homolog 2 (EZH2) have been implicated in Weaver syndrome.
Most of these mutations are missense or unlikely to cause
simple haploinsufficiency, obscuring the pathogenic mecha-
nism for Weaver syndrome.?? EZH2 is a SET domain-contain-
ing histone methyltransferase; however, in contrast to NSD1,
it shows specificity for lysine residue 27 (H3K27), which is
associated with transcriptional repression.”

Mild tone abnormalities and motor development delays
are common in Weaver syndrome. Approximately 18% of
individuals with mutations of EZH2 have no reported intel-
lectual disability; the remainder show intellectual disabilities
ranging from mild (~45%) to moderate (26%) or severe (5%).%'
Somatic disruption of EZH2 is important in the development
of many tumors, particularly hematopoietic malignancies,??
with both activating and inactivating mutations associated
with tumorigenesis.>?3?* Approximately 5% of individuals
with Weaver syndrome develop tumors, such as lymphoma,
acute lymphoblastic leukemia, neuroblastoma, and sacrococ-
cygeal teratoma.’’?> However, as with Sotos syndrome,
routine cancer screening is not recommended.’

Simpson-Golabi-Behmel Syndrome

Simpson-Golabi-Behmel syndrome is characterized by pre-
natal and postnatal overgrowth. Individuals have coarse facial
features, hypertelorism, down slanting palpebral fissures,
epicanthic folds, a short nose with a broad nasal bridge,
macrostomia, macroglossia, a central groove of the lower
lip and/or tongue (frequently with eversion of the lower lips),
and, occasionally, cleft lip and palate.>?® Short and broad
hands and feet show metatarsus varus, talipes equinovarus,
fingernail hypoplasia of the index finger, cutaneous syndac-
tyly, and postaxial polydactyly. Supernumerary nipples are a
frequent finding. Organomegaly of the liver, spleen, and
kidneys is common, with multicystic dysplasia of the kidneys.
Lung segmentation defects and diaphragmatic defects have
been reported. Cardiac abnormalities are found in 36 to 47% of
patients.?” Gastrointestinal manifestations—including malro-
tation, pyloric ring, and Meckel diverticulum—have been
described. Skeletal findings include vertebral segmentation
defects, such as C2-C3 fusion, cervical ribs, six lumbar verte-
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brae, sacrococcygeal defects, and scoliosis.> Malformations of
the central nervous system are rare, but there have been
reports of partial agenesis of the corpus callosum with
agenesis of the septum pellucidum and bilateral ventriculo-
megaly,?® arrhinencephaly, a thin corpus callosum, lipoma of
the floor of the third ventricle, and hydrocephalus.26

Simpson-Golabi-Behmel syndrome is an X-linked disor-
der caused by constitutional mutations in the glypican 3
(GPC3) gene that encodes a heparin sulfate proteoglycam.26
One large case series of patients with this disorder found 38%
exonic deletions, 24% frameshift mutations, 17% nonsense
mutations, 17% missense mutations, and 3% exonic duplica-
tions in the gene, without an obvious correlation between
genotype/phenotype and the mutation or type of mutation.?®

Despite the multiple congenital anomalies present in
Simpson-Golabi-Behmel syndrome, mental development
has been often reported as normal.?® A recent review sug-
gested that individuals have neonatal hypotonia with some
mild delays in milestones, sitting independently at 8.5
months and walking independently at 16 months.?® They
may experience speech difficulties, most frequently caused by
macroglossia and/or cleft palate.?® However, less than half of
patients had intellectual disabilities and, when present, they
were typically mild and not associated with developmental
delays.?® Tumors, usually of renal origin, occur in roughly 8 to
10% of individuals with this syndrome.ze'm31 Hepatoblas-
toma>2 and one case of leukemia?® have also been reported.
Tumor screening with abdominal ultrasounds to identify
renal tumors and o-fetoprotein (AFP) testing to identify
hepatic tumors have been proposed.2

Perlman Syndrome

Perlman syndrome is characterized by neonatal macrosomia,
polyhydramnios, a characteristic facial dysmorphology
(broad and flat nasal bridge, everted V-shaped upper lip,
low-set ears, deep-set eyes, prominent forehead3?), renal
dysplasia, nephroblastomatosis, and multiple congenital
anomalies. Abdominal dystocia due to visceromegaly, typi-
cally involving the heart, liver, spleen, pancreas, and kidneys,
has been reported.2 Male cryptorchidism is also common.>3
There is a high neonatal mortality rate (>50%) in the first
month of life,>> and growth parameters of surviving infants
are at the lower limits of normal.? Infants with Perlman
syndrome exhibit severe hypotonia.>* Agenesis of the corpus
callosum has been reported.3*

Constitutional mutations of DIS3-like exonuclease 2
(DIS3L2), a homolog of the Schizosaccharomyces pombe dis3
gene, have been reported in Perlman syndrome.*® Dis3 is a
component of the yeast core RNA exosome complex and is
responsible for its 3'- to 5-exoribonuclease activity.® DIS3L2
regulates mitosis and cell proliferation. Loss of the regulatory
mechanisms of DIS3L2 in Perlman syndrome is thought to
underlie the increased tumor risk through increased cell
proliferation.

Moderate developmental delay has been reported in pa-
tients with Perlman syndrome.3”-3® Furthermore, approxi-
mately 67% of children with Perlman syndrome who survive
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beyond the neonatal period develop Wilms tumors, which
occur at an earlier age than sporadic cases and are frequently
bilateral.>® Approximately 30% of sporadic Wilms tumors are
expected to harbor mutations or deletions of DIS3L2.3°

Bannayan-Riley-Ruvalcaba Syndrome

Developmental delay and macrocephaly are hallmark fea-
tures of Bannayan-Riley-Ruvalcaba syndrome (BRRS),40
which is characterized by cutaneous lesions (pigmented
macules on the penis and cafe-au-lait spots), vascular
malformations, lipomas, hamartomatous polyps of the
distal ileum and colon, and Hashimoto thyroiditis.z"m'41
Hemangiomas have traditionally been associated with
BRRS.*® Infants are typically macrosomic, with birth
lengths above the 97th percentile. Subsequent growth
deceleration results in normalization of all growth param-
eters except macrocephaly.2

BRRS is one of several syndromes associated with phos-
phatase and tensin homolog on chromosome 10 (PTEN), with
high phenotypic overlap among these syndromes. Conse-
quently, the terms PTEN hamartoma tumor syndrome and
PTEN-opathies have been used to describe any patient with
germline PTEN mutations, regardless of the phenotype.*'
Wild-type PTEN regulates the cell cycle, cell migration, and
apoptosis via the canonical PI3K/AKT/mTOR pathway. Lack of
normal PTEN leads to increased cell migration and cell
survival secondary to upregulation of the AKT and MAPK
pathways.*! PTEN has broad downstream and interacting
networks, and patients with mutations in other genes along
this pathway demonstrate features overlapping with PTEN-
opathies.*!

Up to 17% of children with macrocephaly and autism
without other BRRS features may have germline PTEN muta-
tions. Thus, it is recommended that all macrocephalic chil-
dren with autism or developmental delay be tested for PTEN
mutations.*>*3 Hypotonia, gross motor delay, mild to severe
mental deficiency, and speech delay are reported in approxi-
mately 70% of BRRS patients. Greater than 25% of BRRS
patients have experienced seizures.? Lifetime cancer risks
for any individual carrying a constitutional PTEN mutation are
greater than population norms. Breast, thyroid, renal, and
endometrial cancers are the predominant cancer types, al-
though colorectal cancer and melanoma are increasingly
being reported. Patients with constitutional PTEN mutations
are encouraged to undergo frequent cancer screenings for
early tumor detection.**

Beckwith-Wiedemann Syndrome

Beckwith-Wiedemann syndrome (BWS) is characterized by
macrosomia, asymmetric overgrowth (hemihyperplasia),
macroglossia, abdominal wall defects (umbilical hernia, om-
phalocele, diastasis recti), hypoglycemia, ear creases, viscer-
omegaly, renal malformations, facial nevus flammeus, and
embryonal tumors® (=~Fig. 1). Its heterogeneous clinical
presentation has led some to suggest renaming BWS as
“11p overgrowth spectrum” on the basis of the molecular
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etiology, one extreme of which would be the classically
described BWS.

The molecular etiology is complex and involves epige-
nomic and genomic alterations in the imprinting clusters on
chromosome 11p15. These changes are detected in up to 80%
of classic BWS patients,*® but less often in isolated hemi-
hyperplasia patients. The 11p15 chromosomal region is
divided into two distinct regulatory domains. The distal
domain contains the imprinted genes insulin-like growth
factor 2 (IGF2) and the long noncoding RNA H19 near im-
printing center 1 (IC1), which is a differentially methylated
region, methylated on the paternal allele.*> The proximal
domain including imprinting center 2 (IC2) spans a 1-Mb
region containing the imprinted genes, including a paternally
expressed noncoding RNA (KCNQ10T1) and maternally ex-
pressed gene encoding a cyclin-dependent kinase inhibitor
(CDKN1C).* Imprinting defects at IC2 account for 50% of the
molecular defects in BWS patients.*® Approximately 20% of
BWS cases have paternal uniparental disomy (pUPD) involv-
ing chromosome 11p15, which encompasses both imprinted
gene clusters.*® BWS cases with pUPD exhibit somatic
mosaicism.*

Individuals with BWS largely have normal intelligence and
developmental outcomes. Adverse developmental outcomes
are generally attributable to complications of prematurity or
extreme hypoglycemia, rather than the syndrome itself.? The
exception is BWS caused by duplications of paternal chromo-
some 11p15, which can be associated with moderate to
severe intellectual disability and distinct dysmorphic
features.*’

Children with BWS have an increased risk (~8.6%) of
developing embryonal tumors.*® The most common tumor
type is Wilms tumor, although hepatoblastoma, neuroblas-
toma, ganglioneuroma, adrenocortical carcinoma, rhabdo-
myosarcoma, acute lymphoid leukemia, liver sarcoma,
thyroid carcinoma, and melanoma have been re-
ported.*>48:49 [n BWS, tumor risk appears to be related to
the underlying defect.*® Patients with IC1 methylation
alterations and pUPD11 have the highest risk.*®-48-4° Tumor
screening is recommended in BWS, with serum AFP meas-
urements until age 4 years and abdominal ultrasounds until
age 8 years.SO

Pi3K-Related Syndromes

PI3K-related megalencephaly syndromes include megalence-
phaly-polymicrogyria-polydactyly-hydrocephalus (MPPH)
and megalencephaly-capillary malformation (MCAP). These
brain overgrowth disorders are characterized by congenital
or early postnatal megalencephaly, often with progressive
ventriculomegaly (leading to hydrocephalus), cerebellar ton-
sillar ectopia (leading to Chiari malformation), and cortical
brain abnormalities (polymicrogyria). MPPH and MCAP can
be distinguished by the characteristic features of MCAP,
which include cutaneous capillary vascular malformations,
finger or toe syndactyly, postaxial polydactyly, and mild focal
or segmental somatic overgrowth.’! In contrast, there are no
consistent dysmorphic features in MPPH, and the observed
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Fig.1 Clinical features of patients with Beckwith-Wiedemann syndrome (BWS). (A, B) BWS patient with macroglossia at 6 months and 14 months
of age, respectively. (C) BWS patient with omphalocele. (D) BWS patient with severe hemihyperplasia.

abnormal facial features (prominent forehead, low nasal
bridge, apparent hypertelorism) are likely secondary to the
megalencephaly. Postaxial polydactyly is reported in less
than half of MPPH individuals.”' Individuals with MPPH
and MCAP frequently have seizures with varying degrees of
controllability by antiepileptics.

MPPH is believed to be caused by de novo germline
mutations in PIK3R2, AKT3, and, potentially, cyclin D2
(CCND2), whereas MCAP is caused by postzygotic, mosaic,
and rare germline mutations in PIK3CA.>' PIK3R2, AKT3, and
PIK3CA are members of the phosphatidylinositol-3-kinase
(PI3K)-v-akt murine thymoma viral oncogene homolog (AKT)
pathway, which is critical for proliferation, cell growth, and
apoptosis. Identified mutations in these three genes typically
lead to activation of the PI3K-AKT pathway.”' PIK3R2 encodes
the p85b regulatory subunit of class IA PI3K enzymatic
complex and mediates activation of class IA PI3K by receptor
tyrosine kinases. All PI3K mutation-positive MPPH individu-
als carry the same PIK3R2 mutation (p.Gly373Arg), located
within the Src-homology 2 (SH2) domain of p85b.°" This
mutation has been shown to result in increased PI3K activi-
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ty.>2 CCND2 mutations appear to stabilize cyclin D2, a down-
stream target of the PI3K-mediated tyrosine kinases. The
resulting accumulation of cyclin D2 is a unifying mechanism
in PI3K-AKT-related megalencephaly syndromes.>>

Several other overgrowth syndromes are caused by
postzygotic mutations in PIK3CA. These syndromes are
characterized by patchy segmental overgrowth and the
associated anomalies of the Congenital, Lipomatous, Over-
growth, Vascular malformations, Epidermal nevi, and Spi-
nal/skeletal anomalies and/or scoliosis (CLOVES)
phenotypic spectrum.>® The timing and tissue location of
the mutation may help explain the phenotypic variability of
these overgrowth syndromes, although investigations so
far have not shown correlation of the mutational load in
affected tissues with either the quality or overall severity of
the physical manifestations.>*

Individuals with MPPH and MCAP typically have develop-
mental delays. In one case series of these patients, only one
individual was reported to be developmentally normal. Other
individuals have delays ranging from mild to severe,>® as well
as autistic features, unexplained irritability, attention deficit
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hyperactivity disorder, and obsessive compulsive disorder.>
Almost all individuals on the CLOVES spectrum without brain
involvement have normal developmental milestones and
cognitive abilities.>®

Somatic mutations in P13KCA are seen in many cancers,
including glioblastoma and colorectal, ovarian, breast, and
hepatocellular carcinomas.”® MCAP and MPPH may have
lower tumor risks than patients with other overgrowth
syndromes. Nevertheless, Wilms tumor, meningioma, and
leukemia have been reported in MCAP patients,”> and me-
dulloblastoma was reported in one patient with MPPH.>’
Wilms tumor was reported in one individual on the CLOVES
spectrum.”* Current cancer screening recommendations are
based on those for BWS.”®

Proteus Syndrome

Proteus syndrome is characterized by asymmetric over-
growth with skeletal defects, epidermal nevi, vascular mal-
formations, dysregulated adipose tissue, and pulmonary
abnormalities. While not an obligatory finding, the presence
of cerebriform connective tissue nevi is nearly pathognomon-
ic for Proteus syndrome. Nevi are most frequently identified
on the foot plantar surfaces, but have also been observed on
the hands, abdomen, chest, and nose.”® About 10% of patients
with Proteus syndrome experience seizures.

Proteus syndrome is caused by somatic mutations in AKT1,
explaining the variety of phenotypic features. A single mutation
in AKT1, c49G—A, p.Glu17Lys, which causes constitutive acti-
vation of AKT1 through Ser473 and Thr308 phosphorylation,®
has been identified in individuals with Proteus syndrome.?°

Most individuals with Proteus syndrome seem to have
normal intelligence, although approximately 20% of cases
have some degree of mental deficiency. Mental deficiency
and seizures are much more likely if there is brain involve-
ment or brain malformations.” The specific AKT1 mutation
causative of Proteus syndrome has been reported in some
tumors, including breast, thyroid, genitourinary tract, lung,
and endometrial cancers.®® However, only lipomas are com-
mon in Proteus syndrome. Other reported neoplasms include
adenoma of the parotid gland, cystadenoma of the ovary,
testicular tumor, meningioma, and mesothelioma.”®

Fibrous Dysplasia

Fibrous dysplasia (FD) is a skeletal overgrowth disorder with a
broad spectrum of clinical expression, ranging from asymp-
tomatic radiographic findings at a single skeletal site to
disabling disease. FD may involve one bone (monostotic
forms), multiple bones (polyostotic FD), or the entire skeleton
(panostotic FD). McCune-Albright syndrome is a polyostotic
FD with cutaneous pigmentation and endocrinopathy, includ-
ing precocious puberty, hyperthyroidism, growth hormone
excess, and Cushing syndrome.61 Bone pain, fracture, and
deformity are the most common presenting features. Al-
though any bone may be affected, the skull base and proximal
metaphysis of the femora are the most commonly involved
sites. Overgrowth of the craniofacial bone can result in severe

Overgrowth Syndromes Edmondson, Kalish

deformity, beginning with facial asymmetry or a persistent
bump and progressing with expansion of malar prominences
or frontal bossing into major disfiguration in adulthood.®’
Bony overgrowth in FD can lead to cranial nerve entrapment,
deafness, vestibular dysfunction, and seizures.®?

FD is caused by activating missense mutations in the guanine
nucleotide binding protein, a stimulating (GNAS1) gene, which
encodes the o subunit of the stimulatory G-protein, Gso.
Mutations occur somatically and result in mosaicism, explaining
the extreme heterogeneity of the condition. The extent and
severity of disease are related to the timing of the mutational
event during development and the severity of the mutation.®'
Individuals with FD are typically developmentally normal and
malignancy is rare (~1%), with osteogenic sarcoma being the
most common cancer seen in FD.%!

Klippel-Trenaunay-Weber Syndrome

Klippel-Trenaunay-Weber syndrome is characterized by
capillary malformations associated with venous malforma-
tions consisting of arteriovenous fistulas with bone or tissue
hypertrophy in the affected limb. The most common mani-
festation, present in 98% of patients, is capillary malforma-
tion, represented by cutaneous hemangiomas or port-wine
stains. Limb hypertrophy is typical when the limb is affected
by capillary malformations; these malformations rarely cross
the midline.® The lower limbs are much more commonly
affected than the upper limbs. There is currently no known
genetic cause of Klippel-Trenaunay-Weber syndrome, al-
though a somatic mosaic mutation has been postulated.®*
Developmental outcomes are typically normal, and there is
no known cancer predisposition.

Maffucci Syndrome

Maffucci syndrome is characterized by multiple enchondro-
mas and noncancerous cartilaginous growths on the limb
bones. These growths primarily occur on the hands and feet,
but have also been reported on the skull, ribs, and vertebrae.
Enchondromas occur asymmetrically and result in severe
bone deformities, limb shortening, fractures, and short stat-
ure.? Individuals with Maffucci syndrome have venous mal-
formations, capillary hemangiomas, and, occasionally,
lymphangiomas. They are typically born normal and subse-
quently develop enchondromas.

There is currently no known genetic cause of this syndrome.
Individuals with Maffucci syndrome are of normal intelligence
and achieve normal developmental milestones. Enchondromas
may undergo malignant transformation and become chondro-
sarcomas (transformation rate: 17-30%2). Angiosarcoma, fibro-
sarcoma, pancreatic carcinoma, hepatic adenocarcinoma,
ovarian cystadenocarcinoma, teratoma, glioma, astrocytoma,
and pituitary adenoma have also been reported.?

Conclusion

The overgrowth syndromes comprise a diverse group of
clinically recognizable multiple congenital malformation
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syndromes. Recent elucidation of the genetic bases for many
of these syndromes provides insight into the normal regula-
tion of growth and development. Intellectual outcomes vary
greatly among the syndromes. Once diagnosed, individuals
with overgrowth syndromes should be regularly followed up

to

ensure optimal developmental outcomes. Some of the

disorders have elevated risk of neoplasm development, and
there are recommended clinical cancer screening algorithms

in

place. We hope this review will provide a context for

recognizing overgrowth syndromes such that appropriate
developmental follow-up and tumor screening can be insti-
tuted in a timely manner.
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